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This Supplementary Information provides additional theoretical, numerical, and experimental details supporting
the results presented in the main text. In Sec. I of this supplementary material we describe the experimental setup,
the generation of the time dependent optical driving force F'(¢) and the displacement detection. In Sec. II, we present
the multipole decomposition of the optical gradient force in a standing wave. In Sec. III, we provide details on the
finite-element simulations performed in COMSOL, followed by a discussion of the effective polarizability and its force
contributions from higher-order Mie resonances. The corresponding electric and magnetic near-field distributions
along with the far-field scattering are also presented. Finally, we examine the polarization independence of the optical
force, the emergence of optical torque under circularly polarized excitation, and the force response in the visible
spectral range. In Sec. IV we study the model of a driven, underdamped harmonic oscillator and give the analytical
expressions for its amplitude and phase response. The last two sections study the motion of a flat mirror membrane
used for normalization (Sec. V), and the comparison of the motion of a structured and a mirror membrane under
thermal and optical driving (Sec. VI).

I. EXPERIMENTAL SETUP

A complete layout of the experimental setup is shown in Fig. S1. We use a laser source at A = 1550 nm to drive
and probe the membrane’s motion. The laser beam is split into two components: the p-polarized light serves as the
probe beam, while the s-polarized light generates a standing wave and drives the membrane at the driving frequency
wqr (pump beam). The membrane’s motion is detected via homodyne measurement of the back-reflected probe beam
using a lock-in amplifier. The details of the optical setup are described below.

A. Amplitude-Modulated Standing-Wave Pump Beam

The s-polarized pump beam (F) is amplitude-modulated using an acousto-optic modulator (AOM), generating the
zeroth-order (E; () and first-order (E; 1) diffraction components. These beams are then expanded and separated
from each other using a pair of lenses (f; = 100 mm, fo = 400 mm).

Next, Es o and E; 1 are split into two beams via a 50:50 beam splitter (BS3). One set of beams (F; and Es +1)
is directed onto the membrane from the left via a polarizing beam splitter (PBS3) and an objective lens (Objl, NA
= 0.4, 20x). The other set propagates through another lens system (f3 = f4 = 200 mm) and is routed to a piezo-
actuated mirror (PM2) via PBS4. This mirror allows precise control over the optical path length, thereby adjusting
the phase A¢ of the incoming light. The reflected beams (Eﬁg’ and Eﬁfl) are then focused onto the membrane using
a second objective lens (Obj2, NA = 0.4, 20x).
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Figure S1. Experimental setup for driving and detecting membrane motion. A laser source at A = 1550 nm is used
to drive and probe the mechanical motion of the membrane. The beam is split into two polarization components: s-polarized
light (red) serves as the pump and is amplitude-modulated via an acousto-optic modulator (AOM) to generate zeroth- and
first-order diffraction components, which are split and directed from opposite sides to form a standing wave at the membrane.
A piezo-actuated mirror (PM2) controls the phase difference A¢ between counter-propagating pump beams. The p-polarized
probe beam (blue) is also split, with one part acting as the local oscillator (LO) and the other probing the membrane through
a circulator. The back-reflected probe interferes with the LO on a balanced photodetector, and the resulting homodyne signal
is processed using a lock-in amplifier to extract the membrane’s driven motion.

These two counter-propagating sets of pump beams form a standing wave, one for each diffraction order. The zeroth-
order standing wave interacts with the unstructured (flat) region of the membrane, while the first-order standing wave
interacts with the metasurface. The relative position of the standing wave nodes and antinodes with respect to the
membrane can be fine-tuned by adjusting PM2.

To lock and stabilize the phase A¢ against slow drifts, we monitor the signals E;o1,0 and EtAofM using a photode-
tector (PD3). The output from PD3 is fed into a proportional controller (¢-Lock 2), which actively stabilizes PM2.
These signals are defined as follows:

Etot1,0 = ToEﬁg +7roEs0 (1)

Epho=ToES +10E2%? (2)

where Ty and r( represent the transmission and reflection coefficients of the unstructured membrane region, respec-
tively.

B. Probe Beam and Homodyne Detection

The p-polarized probe beam is split by a beam splitter (BS1) into two components: one serving as the local oscillator
(LO) and the other (E,) passing through a circulator (C). The probe beam is then combined with the first-order
pump beam (E; +1) in PBS3 and is focused onto the metasurface region of the membrane by Objl.

The back-reflected probe beam (rE,) is extracted through the reflection port of the circulator and directed toward
a piezo-actuated mirror (PM1), which fine-tunes the optical path. The reflected probe is then mixed with the LO
using BS2 and detected by a balanced photodetector (PD1, PD2). The homodyne phase is actively stabilized by a
proportional controller (¢-Lock 1), which drives PM1.



Finally, the stabilized homodyne signal is fed into a lock-in amplifier to extract the amplitude and phase of the
membrane’s motion.

II. MULTIPOLE DECOMPOSITION OF THE GRADIENT FORCE IN A STANDING WAVE

We assume two weakly focused, linear polarized, counterpropagating Gaussian beams along z with relative phase
¢ = 0 in vacuum. Each beam has an on-axis electric amplitude Ey and magnetic amplitude Hy.
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so that the intensity nodes/antinodes of H are shifted by A/4 relative to E. Following [1], we write the total
conservative (gradient) force as the individual contributions of each multipole [2]

<F> ~ <Fed> + <Fmd> + <Feq> + <qu> + <F60> + <Fm0> (7)

where (F.q) is the time averaged gradient force due to the electric dipole, (F,,q4) the magnetic dipole, (F.q) the electric
quadrupole, (F,,,) the magnetic quadrupole, (F.,) the electric octupole and (F,,,) the magnetic octupole with

(Fea) < R[V(p - E")] (8)

(Fma) o< R[V(m - H")] (9)

(Feg) x R[V(Qe : VE)]

(Frg) x R[V(Qm : VH")] (10)

(Feo) x R[V(Oe : VVEY)]

(Frmo) x R[V(Oy : VVHY)] (11)
(12)

Hereby, -7 represents the single contraction and ”:” the double contraction used as

[Qe :VE*];; = Q¥ 0,E7

[Oe : VVE*];i = O”ka 0, Ey,
The mulitpole moments are given by
pi = eoa((;)Ei electric dipole moment (13)
mj = al d ™) [, magnetic dipole moment (14)
Q(e = ¢ a ) S[0;E,] electric quadrupole moment (15)
Ql-j = af;”) S[0;Hj] magnetic quadrupole moment (16)
Oz(;,)f =&9 aff) S[@-ajEk] electrical octupole moment (17)
Og? =™ S[0;0;Hy| magnetic octupole moment (18)

where S[&E]] = %(&EJ —&—GJEZ) + %&J(VE) and S[&ZGJE;C} = % (828JE;€ + 8i8kEj + 8k8JE2) — %(émuk +5ikuj +5jkui)
with u; = %(VQEI +20,(V - E)). For a homogeneous sphere the spherical-multipole/Mie coefficients a;, b; (electric,
magnetic) map to the usual dimensionful polarizabilities as follows.



o 2+ 1D(I+1) 7w

al( ) — 7 e (19)
my L+ +1) o«

ozl( )= ; RS by (20)

where a(®):(™) are the multipole polarisabilites (I =1 dipole d, I = 2 quadrupole ¢, [ = 3 octupole o).
In the following we will illustrate that for the special case of a linearly polarized standing wave the gradient force due
to different multipoles scale with the intensity gradient such that we can assign an approximate effective polarisablity

et ~ [a§™ — af] = [al™ — ald] + [al™ — o).

To do so, we will first show that the sign alternates between different electrical orders (dipole, quadrupole and
optupole) and then we use the example of the magnetic and electric dipole to show that the same order multipole
differs in sign between electrical and magnetic multipoles. We assume a simplified case of on axis forces F, with
z=y=0.

A. Electrical multipoles

a. Flectrical dipole: With the electric dipole polarizability a&e) inp = eoage)E, the time-averaged conservative

part due to the electric dipole is
(Fea) o RV (p - B7)] o R} VIEJ, (21)
Thus, on axis (z =y = 0) we get a restoring force toward the intensity maxima if %{a&e)} > 0:
Foq2(0,0,2) oc =R{a?} k EZ sin(2kz). (22)
b. Electrical quadrupole: The gradient force due to the electrical quadrupole s given by
(Feg) x R[V(Qe : VE)] (23)

where Q¢ : VE* = Zi7jQ§;) (0,EF) with QE;) = eoaée)S [0, E;] and 04((16) electric quadrupole polarizability. Evaluation
of the force on the optical axis (z = y = 0) and because only E, # 0, the only nonzero components are

Qe : VE*|., = £0al?S[0. E,)0. E} = 2e00\) k*E3 sin® (k=)

with 0, F, = —kFEysin(kz) and S[0,E,| = 0,E, /2. This yields

Feq.2(0,0,2) %{aée)} k*E20, sin?(kz) o %{ag‘i)} k® B2 sin(2k2) (24)
c. Electric octupole: The gradient force due to the electrical octupole is
(Fuo) x R{V(0, : VVE")} (25)
where O be OZ(;I,)C is the electric octupole induced by the local second derivatives of the field,

0L) = 0 ) 8[0:0; Ey], (26)

ij
and aﬁf) is the electric octupole polarizability. For the contraction

[0 : VVE*];1, = £al®) S[0;0, Fy)0;0, E;;
we only need to consider three terms due to the fact that

0;0;E, =0Vk =y,z since E=(E,,0,0)



and
0;0;E, =0Vi#j for z=y=0.

The remaining terms are

1 2k?
S12202EF = (02F, — g(v“'Ex +20°E,))02E: ~ —WIEAQ (27)
Sywd2E" = (L02E, — L (V2E, + 202E,))02E: ~ 2K E,|? 28
1 1 4
Sea02 By = (302 By — = (VB + 207 E;))02E; ~ e h Bl (29)
where we assumed x = y = 0 and the paraxial approximation kw > 1.
[0c :VVE*] = e al? (S10002E} + Syys0iE} + S..002E}) (30)
4
~ —eaVkY E,)? 1
Fro.(0,0,2) o 3?{04(()6)} KA, [AE2 cos? (kz)] = —R{al)} K B2 sin(2kz) (32)

d. Comparison of on axis forces due to electrical dipole, quadrupole, octupole contributions From the earlier
results for the same field, we get

F.q,(0,0,2) x —%{aff‘)} k EZ2 sin(2k2) (33)
Feq.2(0,0,2) +§R{aée)} E*E? sin(2kz) (34)
Foo-(0,0,2) occ =R{a{9} kP E2 sin(2kz). (35)
Similar considerations for the magnetic multipoles yield
Fr4..(0,0, 2) ﬂ?{aém)} k HZ sin(2k2) (36)
Frng,2(0,0,2) o —%{agm)} k*HZ sin(2kz). (37)

Hence the multipole terms have the same spatial behavior but opposite signs between magnetic and electrical
multipoles and alternate bewteen different orders as anticipated in aeg.

III. OPTICAL SIMULATION

The structure of interest is shown in Fig. S2. The corresponding multipole polarizability and optical forces are
numerically simulated using the RF module of the commercially available solver COMSOL Multiphysics. We employ
a scattered field formulation, defining a meta-atom (M.A) composed of silicon discs with cross beams (ng; = 3.48
+ i5.3 x 10711[3]) suspended in air (ng = 1), with periodic boundary conditions (PBC) applied in the z and y
directions. Perfectly matched layers (PML) are implemented along 4z to minimize boundary reflections. A standing
wave at normal incidence sets the background field. The simulation uses a mesh size of A\/(20n), where X is the
wavelength of the standing wave illumination, and n is the refractive index of the respective material. The total
field (scattered + background) is extracted from the simulation to compute the polarizabilities and optical forces
(see Sec. IIT A). Multipole polarizabilities are obtained using the multipole decomposition method [4, 5], while optical
forces are determined via the Maxwell stress tensor formulation [6].
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Figure S2. Simulation settings Unit cell of the meta-atom (Si M.A) structure, consisting of silicon discs with cross beams

suspended in air. Periodic boundary conditions (PBC) are applied in the = and y directions, while perfectly matched layers
(PML) are used along +z to suppress reflections. A standing wave at normal incidence provides the background field.
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Figure S3. Multipole polarizabilities and optical forces a) Mie scattering coefficients R(a;, b;) as a function of radius R
and separation S = 730nm. b) Comparison between the effective polarizability R(ceg) (red solid line) and normalized optical
forces Fo/(FrpF) (blue solid line) as a function of radius R and separation S = 730 nm.

A. Mie resonances and polarisability

We simulate the effective polarizability of the membrane in COMSOL simulations and find it well approximated
by the linear combination [7, §]

aeir ~ [0§" — af] = [al™ — ol + [af™ — al?)]
where agm) and oz((f) correspond to the magnetic and electric dipole contributions, aém) and a((]e) to the magnetic and

electric quadrupoles, and aﬁ,’") and a5,6> to the magnetic and electric octupole. These are the dominant resonances
considered in our analysis [7, 8]. Figure S3a illustrates the Mie scattering coefficients corresponding to individual
multipole contributions to the effective polarizability as a function of the particle radius R, for a representative
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Figure S4. Near-field electric and magnetic distributions. Normalized electric (a, b, ¢) and magnetic (d, e, f) field
profiles for disk radii of R = 300, 350, and 500 nm, respectively. The fields are normalized to the background standing-wave
amplitude |Ey| and |Ho|.

separation distance of S = 730 nm. Here, a; and b; denote the electric and magnetic multipole coefficients, respectively,
with | = 1,2, 3 corresponding to dipolar, quadrupolar, and octopolar contributions. In Figure S3b we compare the
real part of the simulated effective polarizability R(ces) with the radiation pressure force Fy normalized to the optical
force experienced by a flat mirror Frp and corrected by the filling factor F. These figures highlight the direct
competition between electric and magnetic resonances, which governs both the sign and magnitude of the effective
polarizability and, consequently, the direction of the optical force. For instance, at R ~ 300 nm the dipolar term a;
and b; dominates, yielding a positive force. The corresponding electrical and magnetic near-field profiles for R = 300
nm are shown in Fig. S4a and d, respectively, indicating a mix of electric and magnetic dipoles. While at larger radii,
for example at R = 350 nm, the quadrupolar channel ay and by overtakes, reversing the sign of R(ces) and thus
the optical force. The associated electrical and magnetic near-field profiles are shown in Fig. S4b and e, respectively.
Additionally, at R = 500 nm, the magnetic octupole channel b3 is dominating (see Fig. S4c and f for near-field mode
profile) with negative polarizability and giving rise to negative force.

To further elucidate the origin of the force reversal, we analyze the far-field scattering patterns corresponding to the

cases of positive and negative optical forces, as shown in Fig. S5. The magnitude of the electric field along the optical
standing wave is displayed in Fig. Sba, revealing the expected sinusoidal intensity distribution and z = 0 corresponds
to the positive intensity slope.
For the case of a positive optical force (R = 300nm), the scattered light is predominantly scattered backwards
(Fig. S1b), which pushes the metastructure towards z > 0 (towards the intensity maxima), consistent with momentum
conservation. In contrast, when the optical force becomes negative (R = 350 nm), the scattering is mainly directed
forward (Fig. Slc), thereby exerting a recoil force that drives the metastructure towards z < 0 (towards the intensity
minima). This directional redistribution of scattered light provides a clear physical interpretation of how the interplay
between electric and magnetic multipoles governs the sign of the optical force.

B. Polarization independence of optical force

The metasurface unit cell is designed to be laterally symmetric in the xy-plane. Owing to this symmetry, the

structure exhibits an identical optical response for any polarization, resulting in an optical force along the z-direction
that remains invariant in both magnitude and sign.
To confirm this behavior, Fig. S6 compares the normalized simulated z-component of the optical force, Fy, under
x-polarized, y-polarized and right-handed circularly polarized (RHCP) illumination. As shown, Fj is identical in both
magnitude and direction for the three polarization states, verifying the polarization-insensitive nature of the normal
optical force.
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Figure S5. Directional scattering of meta-atoms. a) Electrical field |Ep| of the optical standing wave with the positive
intensity slope at z = 0. b) Positive force towards z > 0 for R = 300nm and S = 730nm. c) Negative force towards z < 0 for
R = 350nm and S = 730nm. The central solid lines indicate the membrane boundaries and the outer solid lines perfect match
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Figure S6. Polarization independence of optical force. The optical force Fy for different radius R under linear polarization
along z (solid blue), y (dashed red) and right-hand circular polarization RHCP (dotted black).
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Figure S8. Wavelength dependence of the optical force. The normalized optical force Fo/(FrpF) as a function of the
wavelength A for the M_ structure under linearly polarized (z-polarized) illumination.

C. Optical torque under circular polarization

We note that circularly polarized light transfers spin angular momentum from the light to the metasurface. As a
result, an optical torque component, 7,, arises, as depicted in Fig. S7. This torque can be tuned from positive to
negative values by adjusting the geometrical parameters.

D. Wavelength dependence of the optical force

To exploit the fact that Mie resonances are governed by the ratio between the wavelength and the structural
dimensions, one can tune the illumination wavelength to access both positive and negative optical forces for a fixed
metasurface design. Fig. S8 illustrates this principle by showing the normalized optical force Fy/(FrpF) as a function
of wavelength for the representative M_ structure under z-polarized illumination. The wavelength sweep reveals a
pronounced tunability of both the magnitude and the sign of the optical force, demonstrating simple spectral control
between attractive and repulsive forces.

E. Optical force in the visible regime

To explore the general applicability of the negative force concept in high refractive index particles we extend our
simulations to the visible range. As example, we simulate the optical force along the propagation axis at the common
visible wavelength of A = 632nm, while sweeping the disk radius R from 250 nm to 550 nm at fixed periodicity
(S =730 nm). The results are presented in Fig. S9. Since the lattice separation S is larger now than the wavelength
A, the meta-atoms behave more like isolated scatterers. Consequently, collective effects are relatively weak in this
regime which results in reduced optical forces Fy compared to larger wavelengths. Nevertheless, the direction of the
optical force can still be controlled by tuning the geometrical parameters of the meta-atoms, confirming the principle
of optical force reversal across a broad wavelength range.
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Figure S9. Transversal optical force at visible wavelength: Fy versus radius R for separation S = 730nm at wavelength
A = 633nm.

IV. DRIVEN UNDERDAMPED HARMONIC OSCILLATOR

The equation of motion for a damped harmonic oscillator is:

2(t) + Ta(t) + Q2 2(t) = 21% (14 cos(wart)) , (38)

where €2, is the mechanical eigenfrequency, m is the mass, I is the damping coefficient, and the external driving
force F(t) = Fy/2(1 4 cos(wq,t)) at driving frequency wq, and force amplitude Fy. The driving force F(¢) maintains
a constant sign, which is set by Fy. The steady-state solution for z(t) can be written as:

z(t) = A(w) cos(wt + 0(w)),

where A(w) is the amplitude and #(w) is the phase. Substituting this into the equation of motion, we obtain:

EF
Aw) = - : (39)
2m+/(922, — w?)? + (Tw)?
and the phase shift is given by:
_ Tw

Depending on the design parameters, the membrane acts as either a high-field (maximum intensity) or low-field
seeker (minimum intensity), with the direction of its displacement determined by the sign of the intensity gradient at
position zg along the standing wave. While the amplitude and phase response remain formally unchanged for both
cases when comparing z(t) and F(t), low-field seekers move in the opposite direction (toward z < zg) compared to
high-field seekers. But since measurements are referenced to the driving signal controlling I(¢), this results in an
apparent reversal of the external force and a phase shift in the observed motion relative to the modulation signal.

Ow) =0(w) +¢

with ¢ = 0 or 7 depending on position and nature of the membrane. We refer to ¢ = 0 (¢ = 7) to positive (negative)
force.

V. AMPLITUDE AND PHASE RESPONSE OF FLAT MIRROR MEMBRANE

In the main manuscript we normalize the amplitude response of the metasurfaces Fy with the amplitude response
of a flat mirror membrane Frp (see Fig. S10a). The mirror amplitude and phase response to the optical drive at wqy,
is depicted in Fig. S10b and c, respectively. The flat mirror membrane without meta-atoms experiences the standard
radiation pressure force.
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and the black dashed lines represent a fit to Eqs. 39-40.
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Figure S11. Driven thermal motion of structured and flat membranes. Measured power spectral density (S..) of a
structured membrane with radius R = 445nm and separation S = 730nm (blue), compared to a flat membrane (red). Both
membranes are driven at a fixed frequency wgr/2m = 83kHz. The shaded gray region highlights the enhanced mechanical
response at the driving frequency, demonstrating a significantly stronger signal compared to the thermally driven background.

VI. THERMALLY VERSUS OPTICALLY DRIVEN AMPLITUDE RESPONSE

In our model we neglect the thermal motion compared to the amplitude response under the external, optical drive.
To demonstrate the validity of this claim, the power spectral density of a thermally driven mirror membrane and
a structured membrane under the additional optical driving at wg,/2m = 83kHz has been measured. The chosen
metasurface experiences the lowest value of the measured optical forces, giving a lower bound. Figure S11 shows
the measured power spectral density S, for both a mirror membrane (red) and a structured membrane with radius
R = 445nm and separation S = 730nm (blue). We find that the driven mechanical response (indicated by the gray
shaded region) significantly exceeds the thermal background by nearly 2-3 orders of magnitude.
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